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ABSTRACT
Three species of deep-sea corals were collected from several locations in the 
hawaiian Archipelago. These species have been called “precious corals” because 
of their extensive use in the jewelry industry. Two octocorals Corallium lauuen-
se Bayer, 1956 (red coral) and Corallium secundum dana, 1846 (pink coral), and 
a zoanthid, Gerardia sp. (gold coral) collected between August and November in 
1998–2004, were all histologically analysed for reproductive tissues. All three spe-
cies of precious corals appear to be gonochoric (both males and females of all species 
being identified—though with C. lauuense more reproductive polyps are needed to 
conclusively confirm this), with the two species of Corallium having reproductive 
material contained within siphonozooids rather than the main polyp (autozoid). 
Maximum oocyte sizes were: Gerardia sp. ~300 µm, C. secundum ~600 µm, and 
C. lauuense ~660 µm. All three species are hypothesized to have spawned during 
the collection season. Gerardia was observed spawning during collection, and his-
tological sections of the two Corallium species show areas where gametes appear 
to be missing. Gerardia sp. has a single cohort of gametes developing, which may 
suggest seasonal reproduction, and the two Corallium species show multiple sizes 
present in single individuals, suggesting a periodic or quasi-continuous reproduc-
tive periodicity.
The seamounts and slopes surrounding the hawaiian Archipelago contain nu-
merous species of deep-water corals at depths of around 300–600 m. Some of these 
species are classed as precious corals, and have been harvested in hawaii for their 
skeletons since the mid-1960s (grigg, 1976, 2002). These skeletons (along with anti-
patharians and bamboo corals) have been used in the jewelry industry both in the 
hawaiian Islands and for export overseas (mainly to Asia). Often fetching many hun-
dreds of dollars per kilogram, this fishery is potentially very lucrative. Three species 
have been the main focus of this fishing effort—the pink coral, Corallium secundum 
dana, 1846; the red coral, Corallium lauuense Bayer, 1956; and the gold coral, an 
undescribed zoanthid in the genus Gerardia sp. (Fig. 1). 
These fisheries have, however, gone through boom and bust periods, owing to both 
the cycles of over-harvesting new coral beds until no corals remain, and the high 
costs of collecting at deeper depths. A number of regulations have been implemented 
on deep-water coral harvests in the hawaiian Archipelago over the years. The Fed-
eral Fishery Management plan (FMp) allows only selected harvests with maximum 
collection quotas, for example, on the Makapuu bed off Oahu—2000 kg over 2 yrs 
with a 10-inch minimum size requirement for C. secundum, and a 600 kg limit of 
Gerardia sp. Then in late 2000, a Coral Reef Ecosystem Reserve was established in 
the NW hawaiian Islands which protected roughly 84 million acres from harvests 
and effectively halted commercial collections of coral skeletons. This fishery is cur-
rently discontinued in hawaii as the small number of coral beds in the south is not 
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adequate to keep up the cost of submersible equipment required for selective har-
vesting. however, as has happened in the past, if demand were to rise it could lead to 
economic conditions favorable for the reemergence of precious coral fisheries (grigg, 
2002). 
Little is known of the biology and ecology of these commercially important species 
yet these data are an essential pre-requisite in producing effective fisheries man-
agement plan. having an understanding of reproductive biology, and the associated 
processes of dispersal and recruitment, is essential for ecological studies of coral 
populations and communities (harrison and Wallace, 1990). In this study, we ex-
amine the reproductive morphology of these three species of precious coral from 
various locations across the hawaiian Ridge.
Methods
Collection.—Collections were made during six cruises to the hawaiian Archipelago us-
ing the pisces Iv and v submersibles, operated by the hawaiian Undersea Research Labora-
tory, honolulu, hawaii. Collections were made between August and November from Bank 8, 
Bank 11, pioneer Bank, Cross Seamount, Raita Bank, Twin Banks, Makapuu, and Nero Sea-
mount (Table 1). pieces of coral were broken from main colonies of various sizes and placed 
in individual insulated bioboxes. Once on the surface corals were immediately fixed in 4% 
formaldehyde and later transferred to 70% isopropanol. 
histology.—A section of approximately 10 polyps was dissected from coral branches (see 
Table 1 for numbers of colonies analyzed) and placed in Bouins solution for ~2 hrs for decalci-
fication. polyps or siphonozooids were then dissected, weighed and placed in sequential dilu-
tions of propanol for dehydration (50%, 75%, 95%, 100% × 3). Tissue was extracted and placed 
in molten histological wax overnight and subsequently embedded into standard molds. Ten 
sequential thin sections (5 µm) were taken of each block and then stained using Massons 
Trichrome. Sections were viewed using a Zeiss Axiopan 2 microscope with a Zeiss AxioCam 
Figure 1. (A) Gerardia sp. colony; (B) Corallium lauuense colonies; (C) Corallium secundum 
colony. 
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video camera attachment. Images were grabbed using Openlab 3.1.5 and further analyzed 
using SigmaScan pro v. 4 to calculate feret diameters of oocytes (diameter if the oocyte was a 
perfect circle). Only oocytes with a nucleus were measured (to prevent re-measuring the same 
oocyte) and all oocytes in all sections were measured. Sections were also used for staging 
oocytes and spermacysts and for producing size-frequency graphs. Owing to observations of 
spawning on collection, no fecundity estimates could be calculated for these samples. 
Figure 2. Histological sections of Gerardia sp.: (A) mesenterial lamella with previtellogenic oo-
cytes; (B) vitellogenic oocyte with prominent nucleolus; (C) folded female mesentery with mul-
tiple oocytes; (D) spawned mesentery of a female individual; (E) Stage 3 spermacysts; and (F) 
male mesentery with multiple spermacysts. Pv = previtellogenic oocyte; l = lamellae; vo = vitel-
logenic oocyte; m = mesentery; s = spermacyst; Scale bars: A, 100 µm; B, 100 µm; C, 300 µm; 
D, 300 µm; E, 100 µm; F, 300 µm
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Results
Gerardia sp. (Fig. 2)
Like other deep and shallow water hexacorals, Gerardia sp. has gametes contained 
in a string along the length of the mesenteries. This species is gonochoric with no 
hermaphroditic polyps or colonies observed in the thirty eight samples analyzed. 
previtellogenic and vitellogenic oocytes were observed in this species (Fig. 2A–C), 
though only late stage spermacysts were present (Fig. 2E,F). A small number of indi-
viduals (X = 5) had empty or nearly empty mesenteries (Fig. 2d), consistent with the 
observation of spawning during the onboard processing. Colonies of various sizes 
were chosen for analysis (Fig. 3C). The smallest polyp found to be producing gametes 
was approximately 5 mg wet weight, and reproductive material was found in the 
smallest colonies analyzed (Fig. 3C).
Only a single cohort of oocytes was observed in this species (Fig. 3A), with a maxi-
mum oocyte size of ~300 µm. Oocyte size frequency charts were constructed of 
Figure 3. (A) Oocyte size-frequency graph for Gerardia sp. from Bank 8, (B) Oocyte size-fre-
quency graph for Corallium secundum from Bank 8; (C) Sizes of colonies analyzed for this study 
(circles, Gerardia; triangles, C. secundum; squares, Corallium lauuense) N, Number of colonies 
analyzed; n, number of individuals analyzed
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the different locations where samples were collected (see Fig. 3A for the oocyte-size 
frequency chart for Bank 8). Analysis of oocyte size-frequency distributions revealed 
no significant difference among locations sampled (K = 5.01, p = 0.1). This pattern of 
oocyte distribution suggests a seasonality of reproduction rather than a continuous 
or quasi-continuous production. Additional monthly samples are required however, 
to conclusively investigate seasonal gamete development and test the intensity of 
reproduction in this species. 
Figure 4. Histological sections of Corallium secundum: (A) Autozoid polyp; (B) siphonozooid 
polyp; (C) siphonozooid polyp containing previtellogenic and vitellogenic oocytes; (D) multiple 
female siphonozooids; (E) vitellogenic oocyte showing amphinucleolus; and (F) Stage 3 sperma-
cyst. Vo = vitellogenic oocyte; pv = previtellogenic oocyte; sz = siphonozooid; Scale bars: A, 500 
µm; B, 200 µm; C, 300 µm; D, 500 µm; E, 300 µm; F, 300 µm
WALLER ANd BACO: REpROdUCTIvE MORphOLOgy OF dEEp CORALS 539
Corallium secundum (Fig. 4)
Corallium secundum had both autozoids and siphonozooids present in the colony. 
Autozoids were sterile and siphonozooids fertile (Fig. 4A,B). Colonies appear to be 
gonochoric as no hermaphrodites were found in this study. previtellogenic and vitel-
logenic oocytes were observed within the same siphonozooid (Fig. 4C,d) and some 
oocytes had amphinucleolus (Fig. 4E). Only late stage spermacysts were observed 
(Fig. 4F). 
Sections appeared to have gametes missing from the siphonozooid (partial oocytes 
observed in some specimens, empty areas in the siphonozooid where tissue would be 
expected) suggesting either problems with preservation and histology or spawning 
at time of collection. however, multiple cohorts were still observed in size-frequency 
diagrams (Bank 8 site–Fig. 3B), though in numerous individuals not enough oocytes 
were located to construct diagrams. Maximum oocyte size was ~600 µm. This mul-
tiplicity of cohorts suggests either a periodic or quasi-continuous life history. Colo-
nies of different sizes were analyzed (Fig. 3C) and there appeared to be no pattern 
between colony size and reproductive state, although this may be confounded by 
missing gametes in some of the specimens (through spawning, preservation, or pro-
cessing). 
Corallium lauuense (Fig. 5)
This species also had both autozoids and siphonozooids, with only the siphonozo-
oids being fertile. Tissue was not well preserved in this species and there appeared to 
be gametes missing from the tissue sections (as described above), and so limited data 
could be extracted. however, all colonies analyzed appeared to be gonochoric with 
multiple stages of oocytes present (Fig. 5A), and only late stage spermacysts were 
found (Fig. 5B). Maximum oocyte size was ~650 µm. 
Too few oocytes were present in preserved samples to obtain oocyte-size fre-
quency charts, however, the presence of both very large vitellogenic and very small 
previtellogenic oocytes in this species suggests a similar reproductive strategy to C. 
secundum. 
discussion
All three species in this study are thought to be gonochoric (though with C. 
lauuense, more reproductive polyps are needed to fully confirm this). Gerardia sp. 
contains gametes within the mesenteries of the polyp, with oocytes and spermacysts 
forming long chains through the mesentery, similar to other deep-water anthozoan 
species (van-praet, 1990; van-praet et al., 1990; Waller et al., 2002, 2005; Brooke 
and young, 2003; Waller and Tyler, 2005). The two species of Corallium, however, 
contain gametes within siphonozooids, showing more similarity with reproduction 
in anthomastus species (Alcyonacea) (Jungersen, 1927; Cordes et al., 2001). Octocor-
als of the closely related octocoral family paragorgiidae also have both autozoids and 
siphonozooids (Sanchez, 2005), but the reproductive morphology of this family has 
not yet been described. From non-quantitative observations, Gerardia sp. appears to 
have a much higher fecundity per polyp than that of the two Corallium species.
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The observation of spawning during collection, as well as empty areas in the tis-
sue sections (where gametes are potentially missing) suggest that all three of these 
precious coral species may be spawning during the fall. Although no brooded larvae 
were observed, possibly because of these missing areas, further investigation is need-
ed into the full reproductive cycle of these two Corallium species. anthomastus ritteri 
Nutting, 1909, a species that also produces gametes in the siphonozooids, broods 
larvae in these structures and releases them quasi-continuously throughout the year 
(Cordes et al., 2001) and so there is the possibility that these Corallium species may 
be similar. While this study was not designed to test seasonality, certain initial ob-
servations were possible based on oocyte sizes. Gerardia sp. had just a single cohort, 
a pattern distinctive of seasonal reproducers, whereas oocytes of varying sizes were 
Figure 5. Histological sections of Corallium lauuense: (A) Siphonozooid containing previtel-
logenic and vitellogenic oocytes; (B) spermacyst. Pv = previtellogenic oocyte; vo = vitellogenic 
oocyte; sz = siphonozooid; Scale bars: A, 500 µm; B, 300 µm
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found in the two Corallium species, more suggestive of a periodic or quasi-continu-
ous reproduction (gage and Tyler, 1991; Tyler et al., 1993; Waller et al., 2002; Waller 
and Tyler, 2005). Corallium secundum has previously been reported as being a sea-
sonal reproducer, with spawning occurring in June or July (grigg, 1976), and so more 
seasonal samples of this species are needed to test this conflicting evidence. Repro-
duction in the deep-sea is often related to food fall (Billett et al., 1983; Tyler et al., 
1992, 1993; Waller and Tyler, 2005) with few other seasonal cues existing at depths 
below the thermocline, so no doubt this is also a factor in these species survival. As 
none of these species showed obvious differences in oocyte size or stage among the 
different seamounts, they may experience similar environmental factors or at least 
no significant difference that might lead to a long term change in reproductive habit 
(Eckelbarger and Watling, 1995). 
This initial investigation suggests that a long term seasonal study should be under-
taken to more fully understand the timing and reproductive potential of these com-
mercially important species. Should another boom in the jewelry industry begin, a 
better understanding of the reproduction of these species would benefit the design of 
a new sustainable management plan. 
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